A generalization of Einstein's gravitational theory is discussed in which the spin of matter as well as its mass plays a dynamical role. The spin of matter couples to a non-Riemannian structure in space-time, Cartan's torsion tensor. The theory which emerges from taking this coupling into account, the U4 theory of gravitation, predicts, in addition to the usual infinite-rhnge gravitational interaction mediated by the metric field, a new, very weak, spin contact interaction of gravitatiorial origin. %'e summarize here all the available theoretical evidence that argues for admitting spin and torsion into a relativistic gravitational theory. Not least among this evidence is the demonstration that the U4 theory arises as a local gauge theory for the Poincare group in space-time. The deviations of the U" theory from standard general relativity are estimated, and the prospects for further theoretical development are assessed.
There is, however, a dichotomy in theoretical physics at present. Strong, electromagnetic, and weak interactions find their most successful description within the framework of relativistic quantum field theory in flat Minkowski space-time. These quantum fields reside in space-time but are separate from it. Gravitation, according to Einstein, deforms Minkowski space and inheres in the dynamic Riemannian geometry of spacetime. One branch of fundamental physics is highly successful in a flat and rigid space-time, but gravitation requires a nonflat and dynamic space-time. This state of affairs seems, at least from an epistemological point of view, to be unsatisfactory.
It is not our purpose here to try to express one conception in the framework of another, as is attempted in the flat space-time approach to gravitation (everything expressed a.s fields in a flat space-time background) or in the so-called unified field theories of the general relativistic type (everything expressed as non-Euclidean geometry). Rather, we would like to extend the con cePts ofgeneral relativity to the micxophysical realm in order to facilitate a comparison and possibly a link to the theories of the other interactions. General relativity was originally formulated as a theory valid for mass distributions on a macroscopic, as opposed to atomic scale and for classical electromagnetic fields. The dichotomy in geometrical frameworks alluded to above might be due to the different domains of applicability of the respective theories. Accordingly, forms of gravitational theories for microphysical processes, theories which should go over to general relativity in some macrophysical limit, should be studied as possible roads towards the unified space-time picture we desire.
The gravitational interaction is extremely weak, and there is little hope at present for direct measurements of gravitational effects between elementary particles. Therefore, to some degree, we ought to argue heuristically and even to speculate, and leave the final word to future experiments.
B. Spin and gravitation
Spin angular momentum of matter, occurring in nature in units of h j2 (where h is Planck's reduced constant), is the physical notion which seems pertinent and necessary for a successful extension of general relativity to microphysics. When we venture forth into the microphysical realm of matter, we find that spin a, ngular momentum (the "spin current") also comes into play and characterizes matter dynamically. The hypothesis is near at hand that spin angular momentum is the source of a field, too, in fact the source of a gravitational field. By a gravitational field we mean here a field inseparably coupled to the geometry of space-time. We expect that, in analogy to the coupling of energy-momentum to the metric, spin is coupled to a geometrical "state quantity" of spacetime, a quantity which should relate to rotational degrees of freedom in space-time. In this way we are led not to the Riemannian space-time of general relativity but to a slightly more general space-time, the 4-di- Schrodinger (1960) . We use the mathematical formalism and the conventions of Schouten (1954) . We start from an affinely connected space L, with an asymmetric connection I';,. and impose a (symmetric) metric tensor field g;, . on it. In order to guarantee a local Minkozvski structure, we will postulate~~g ;; =0 and deduce the mathematical consequences of this postulate.
In Sec. III we shall develop a field theory of gravitation which is in many ways reminiscent-of Einstein s general relativity. The field of spinning matter will be minimally coupled to the U, space-time. Then we shall couple the non-Riemannian part of the connection, the contortion tensor K,', to spin, and the metric g;, . to energy-momentum of matter. We shall set up the total action function of the matter field interacting with gravitation, first generally, and then with a specific gravitational Lagrangian. By Hamilton's principle, we will derive the gravitational field equations by means of independent variations with respect to metric and torsion. These field equations will be expressed in several alternative forms. Torsion in U4 theory supplies an additional contact interaction of spinning matter which leads to deviations from general rela, tivity only in extreme situations (big bang, gravitational collapse and microphysics). For the time being, one is forced to judge the relative merits of U, theory according to the available theoretical evidence. In Sec. IV (I~, g ) equipped with an affine connection and an independent metric. Finally, we put forward some speculations. When no t s tated other wis e, the mathematical conventions are those of Schouten (1954) , the physical conventions those of Landau -Lifshitz (1962) A fair understanding of general relativity, such as presented in Einstein (1955) , is all that is required for the "short course in U, theory" (those sections of the article denoted by "~~" in the Contents). For the rest of the article, we would recommend as extremely helpful Schrodinger (1960) and Sec. 19 of Carson (1953) .
D. Guide to the literature
We have tried to make this article self-contained and to present all material needed for understanding the foundations and the theoretical framework of U4 theory. We will select here some references in order to give an idea of the history of this theory and to suggest further readings. These references, together with the works cited in them, should embody all work relevant to U4 theory.
The notion of an asymmetric affine connection was casually mentioned by Eddington (1921) Cartan (1922 Cartan ( , 1923 Cartan ( , 1924 Cartan ( , 1925 (1955, 1965 ).
In the forties it became increasingly clear from the work of Costa de Beauregard (1942 Beauregard ( , 1943 Beauregard ( , 1964 , Weyssenhoff and Raabe (1947) , and Papapetrou (1949) (1950) , Finkelstein (1960 Finkelstein ( , 1961 , Rodichev (1961) , Ivanenko (1962) , and Pellegrini and Plebanski (1963 Kondo, 1955 Kondo, , 1958 Kondo, , 1962 Kondo, , 1968 Bilby, 1960; Kroner, 1964) . The relation of continua with dislocations to the polar continua of modern continuum mechanics and their generalized stress , states, is discussed in Kroner (1968) and Truesdell and Noll (1965) . U, theory proper begins with Sciama. (1962 with Sciama. ( , 1964 and Kibble (1961) . Their gauge approaches to gravitation will be examined in detail in Sec. IV.C.3. Both Sciama and Kibble arrived at the same set of field equations (3.21, 3.22) and laid down the basic structure of U, theory.
Later, the geometr ical framework of U4 theory was set up, the affine connection was written down explicitly, and the formalism presented here in Secs. II and III was developed (Hehl and Kroner, 1965; Hehl, 1966; Hehl, 1970 Hehl and von der Heyde (1973) , Hehl, von der Heyde, and Kerlick (1974) , and von der Heyde and Hehl {1975).
In the meantime Trautman (1972a, b, c; 1973a, b, d; (1973b, 1975) and Trautman (1975) . Trautman (1973b, c) also proposed that the singularity behavior of U~theory could differ from that of general relativity. We believe that the foundations and the theoretical framework of U4 theory have by now been well established (compare Kerlick, 1975a, and Salam, 1975 ).
Trautman's conjecture about singularities was taken up by several authors. Kopczynski (1972 Kopczynski ( , 1973a first demonstrated the bouncing of certain simple cosmological models with torsion (see also Tafel, 1973, and Kuchowicz, 1973) . For reviews on this development see Kerlick (1976) , Kuchowicz (1975a . , b, c), Tafel (1975 , and Sec. V.3. Kibble's (1961) paper and an earlier paper by Utiya. ma, (1956) were the starting points for various gauge approaches to gravitation. As we will outline in Sec. IV, we believe that the Poincare group actively interpreted leads to the most plausible classical field theory of gravitation. This is more or less in accord with Hayashi and Bregman (1973) . Translationa. l gauge theories were developed by Ha, yashi and Nakano (1968) , Utiya, mã The tetrad formalism used by Sciama mas taken from Weyl (1929) .
Part of this article appeared translated and in a slightly revised version in Hehl (1973, f974). and Fukuyama (1971) , Cho (1976) , and others; rotational (Lorentz) gauge theories by Carmeli (1974) , Lord (1971) , and others. For some highly interesting discussions on gravitation and gauge theories see Kaempffer (1965) , Diirr (1971, 1973) , and Yang (1974) . Earlier papers advocating the use of Poincare gauge invariance include those of Brodski, Ivanenko, and Sokolik (1962) and Ivanenko (1962 Ivanenko ( , 1972 Schouten (1954) and Misner, Thorne, and Wheeler "MTW" (1973) . Trautman (1973b) Minkow- ski metric g, the matter field, and the gradient of the matter field. Now imagine that gravitation is "switched on. " Then the special relativistic Lagrangian has to be coupled to gravity ("geometry") in the sense of the equivalence principle. This requires us to substitute the U4 metric g(x) for the Minkowski metric 7l and to couple minimally the U, connection I" to the matter field g. Thus we a.rrive at (3.1a, b) leading from the realm of Minkowski space-time to the U4 with the connection (2.11).
7 The minimal substitution (3.1b) will be applied only to matter fields, but not to gauge fields of internal symmetry groups, such as Maxwell's field (see Sec. V. B.2).
After the minimal coupling procedure, the action function of the matter field i[/ interacting with gravitation reads (3.3) According to (2. 11), we could take, instead of the torsion S, the contortion K=K(g, S) as an independent va, riable. The choice (3.3) is the more fundamental one, however, since S (unlike K) is a priori independent of the metric.
eo" . '= 25Q/5g, , ; e[i"":=5Q/5S; " Observe that Eq. (3.4) must be evaluated for S;.ik held constant.
According to our considerations in Sec. II.F, spin should couple to contortion rather than to torsion. We need only use Eq. (2.11b) and simple algebra to show that the spin angula, r momentum tensor e w'" '= 5 Q/5K" k ij (3 6) can be expressed in terms of the spin energy potential ijk +[ji3k. '+ijk ijk jki kij (3.7)
We need still one more definition before we can link the geometry up to more familiar quantities. The variation of the torsion as well as that of the metric contributes to the total energy of the matter field. We introduce the asymmetric total energy-momentum tensor pii. &ij v +ijk &ii+ v (&iik &Jki+ &ki j) k k which will be justified in the next section.
(3.8)
Should the matter Lagrangian depend on second or higher derivatives of the matter field or should a nonminimal coupling to gravitation be allowed, we would still be able to arrive at a consistent theory within the framework of a U4 space-time. However, the dualistic character of the theory, that is, the strict separation of matter and geometry, would be lost. This supports our belief that, in a dualistic framework, elementary matter fields have first-order Lagrangians. Thus the equivalence principle, and hence minimal coupling according to Eq.
(3.1), applies to these matter fields. For a detailed discussion of the equivalence principle in U4 theory and the coupling process see von der Heyde (i975b) Hehl, 1976 ).
(k:= 8wc 'G; G = Newton's gravitational constant). As in general relativity (see Landau -Lifshitz, 1962) ( 3 21 vectors e"will be given a more important, operational meaning: it will represent in principle our standard apparatus for measurements in space and time.
Our second point for emphasis is that, in analogy to the usual procedure in local gauge theories of internal symmetry groups (Yang and Mills, 1954; Utiyama, 1956) In a variation with respect to e;, keeping torsion fixed, the connection I',. "8 now contributes to the tetrad variation. The corresponding dynamical current is the metric energy-momentum tensor cr'~d efined in Eq. (3.4), where the difference o -Z in (3.8) is generated from the variation of F(O).
The Sciama and Kibble approaches reconsidered
Finally, we wish to comment briefly upon the assumptions made by Sciama (1962) The effect of spin on metric geometry has been studied in the linear approximation by Arkuszewski, Kopczynski, and Ponomariev (1974) [compare also von der Heyde and Hehl (1975) (Kerlick, 1975b but doing so offers no fundamental new insight.
Because the Maxwell Lagrangian is not minimally coupled to geometry, photons in the U4 theory are unaffected by the presence of torsion. The causal structure of a U4, based as it is on light signals, isdeterminedcompletely by the (conformal) metric structure of that spacetime.
Gauge fields which arise from local invariance with respect to a, non-Abelian symmetry group (Yang -Mills fields) share with Maxwell's field this exemption from minimal coupling. They can be minimally coupled to torsion only at the cost of breaking the gauge symmetry (see also the end of Sec. IV.B.2).
Proca field
The Proca field (ma, ssive Maxwell field) has spin one (see Corson, 1953) . Since it has a mass, the problem of gauge non-invariance of the spin that we encountered in the case of electrodynamics does not appear here. The minimal coupling procedure for this field yields the Lagrangian density" 
Maxwell and Yang -Mills fields
U we would try to perform the minimal coupling procedure for Maxwell's field in a U4, we would obtain as a result the spin angula, r momentum tensor 7'"~=A~'I"'~w hich is not U(1) gauge invariant. Preserving this gauge invariance forbids us to apply the minimal coupling procedure in this case. We observe that Maxwell's equations are geometrically rather special: they can be expressed in terms of exterior derivatives which are already covariant objects on any differenti. a,l manifold X~. Of course, Maxwell's equations, lar momentum tensor
(5.9)
The important new feature here is that spin depends on torsion. Lenoir, 1971; Datta 197la, b; Hehl and Datta, 1971) The term in the brackets is an algebraic operator on the 24 components of the torsion tensor. This operator might become singular when U'=l ', that is at the number density UBU=(AP) ' corresponding to the critical density p. The nature of such a "torsion singularity"
has not yet been investigated. "
The spin of a neutrino (and therefore its torsion) possesses a special feature: it is a dual of a lightlike axial vector field. This means that the spin contact term in Eq. (5.14) vanishes, and that the paths of neutrinos (in the absence of other spinning matter fields) are, like photons, still null extremal curves of the metric. Letelier (1975) has studied the problem of "ghost neutrinos" in a U4. He finds that such "ghost" solutions (neutrino fields which generate no contribution to curvature and are therefore problematic in general relativity) do not exist in a U4. This fact seems to argue the greater plausibility of the U4 theory.
Semiclassical spin fluid
The semiclassical "spinning dust" matter distribution (see Weyssenhoff and Raabe, 1947; Weyssenhoff, 1958; Halbwaehs, 1960 ; and also Maugin, 1974) generalizes the "perfect fluid" of general relativity to the ease of nonvanishing spin. As such, it is an attempt to model on a classical level the Dirac electron. Unfortunately, there seems to be no satisfactory Lagrangian for this distribution, and therefore no unambiguous road to a minimally coupled theory. Rather, we must postulate the following convective foams for the energy-momentum and spin angular momentum tensors (c = 1): (5.14)
The nonlinear term, which represents a spin contact interaction (or self interaction), repulsive for aligned spin (Kerlick, 1975b) , is an axial vector interaction with characteristic length l. The combined energy-momentum tensor for the Dirac field in a U4 is o u8~(n8) (f. B &Su8~+ +Pe), .
( 5.15) 5. Neutrino field 6Preliminary investigations seem to show that such a singularity fails to appear in homogeneous cosmological models of Bianchi Types I and IX.
Neutrinos in the U4 theory obey the Dirac equation (5.14) in the limit of zero mass. They are invariant under the same duality rotation g-(1+ y, )g, under which they are invariant in special relativity. Solutions of the neutrino equation in a cosmological context have been studied by Kuchowicz (1974) .
Here, p, and u' are the momentum density and velocity of the fluid, P is the hydrostatic pressure, and y, , is the spin density. In order to insure that the equations of motion for the particles be integrable, it is necessary to further restrict the spin by requiring z, , &'= 0, where the timelike vector p' is usually taken to be the velocity u' (see Frenkel, 1926) or the momentum p' (see Tulczyjew, 1959; Dixon, 1964 Dixon, , 1965 ).
The combined energy-momentum tensor for this distribution is o " = (p+ P -2us')u'u'+ (P -us')g" + 2(u u -5~) v~(T 'u' )+ 7'(25' u~-' u5)'r'"u (5.18) Here, the "polarization current" is given by 7, := v, "u", and the scluare of the spin density s':= q. »q ' is positive for either restriction mentioned above on v, ,
Macroscopic average
For all the spinning matter fields that we have discussed, we expect that in most macroscopic situations spins are not polarized but are randomly oriented, their polarizations undergoing rapid fluctuations with time. When we want to apply the field equations in the macroscopic domain, we are obliged to perform a space-time average of the combined energy-momentum tensor 0".
Indeed the spins and the gradients of spin may cancel out when such an average is performed. However, many of the spin eorreetions embodied in 0" are quadxatic, so that they do not average out to zero. Thus we expect, even in the macroscopic limit of the U, theory, nonvanishing deviations from general relativity.
In the application of the field equations to studies of gravitational collapse or to cosmological models, we would like to know how these quadratic corrections scale with volume. Certainly, the density of spinsquared for a completely polarized fluid scales as the inverse square of the volume. It is consistent with our view of spinning matter as a continuum to assume such a scaling for randomly oriented particles as well. Of course, such an assumption must be ju'stified physically.
We ought to bear in mind that taking any of the matter distributions above to represent matter at high densities can at best be regarded as a very naive approximation to physical reality, since we have neglected nongravitational interactions. Keeping this in mind, it is nevertheless interesting to examine the U4 theory for its deviations from general relativity in model cosmologies.
Global considerations
For cosmological models endowed with polarized (as opposed to random) spin, the distribution of that spin strongly determines the allowable symmetries of the metric tensor, as witness the following two examples:
(a) Kopczynski (1973) rather Kerlick, 1976; Tafel, 1975;  and Kuchowicz 1975a, c), but will focus on several features common to all models. We will discuss singularity aversion in terms of violations of the energy condition of the Hawking-Penrose singularity theorems. Then we will look at the Friedmann-like equation for a typical model to estimate the orders of magnitude of shear, vorticity, and magnetic field effects, and check for possible consequences to observation. Kerlick (1975a) (For details about these theorems and their proofs, and their domains of applicability, we refer the reader to the treatise of Hawking and Ellis, 1973. ) It is easy to reutilize these theorems for the U~theory. One need only notice two facts: First, spinless (scalar) test particles and photons, which determine causal structure also in a U~, are insensitive to torsion (Sec. V.B) and follow extremal curves of the metric tensor; it is incompleteness of extremal curves which defines a singularity in these theorems. " Second, the U4 theory may be recast into the quasi-Einsteinian form (3.23) with the combined energy-momentum tensor o"replacing the energy-momentum tensor of Einstein's theory. Furthermore, the kinematic variables (shear, vorticity, convergence) used in constructing singularity theorems represent deformations of the cosmological fluid seen by Fermi-propagated observers comoving with the cosmological fluid. Here, too, the Riemannian connection has the appropriate operational meaning (Kerlick, 1976) .
The singularity behavior of a cosmological model with torsion can be deduced from the generalization of the Raychaudhuri (1955) equation to a U, (Stewart and Hajicek, 1973) :
The vector u'(u, u»= -1) is the four-velocity of the cosmological fluid. The acceleration u':=u~v ., "u' of the fluid is due both to gravitational and nongravitational interaction. It vanishes for the simple spatially homogeneous models we will consider here. The shear cr and vorticity u& are defined and explained in Ellis (1971 (Ellis, 1971) 
initial value problem
The decomposition of the Einstein field equation into space-plus-time form (Arnowitt, Deser, and Misner, 1962) , of crucial importance to a canonical quantization of the gravitational field, has been extended to the U4 theory by Alvarez (1974 (Hehl, 1971; Trautman, 1972c) . " Adamowicz and Trautman (19'75) have studied the precession of such a test particle in a torsion background.
All these considerations seem to be of only academic interest, however, since torsion only arises inside matter. There, the very notion of a spinning test particle becomes obscure (H. Gollisch, 1974, unpublished Kopczynski (1973b Kopczynski ( , 1975 and Trautman (1975 Bund and Lovelock (1972) . In extending this theorem to a U"von der Heyde (1975b) Ivanenko (1964) , but, only under the assumption that torsion was the gradient of some other field. Hehl (1966 Hehl ( , 1970 considered the addition of a quadratic term AL;zjA '~= (P'8) to R.
General quadratic Lagrangians in the U4 theory were studied by Hayashi (1968) and Hayashi and Bregman (1973) , but in order to attain general relativity as a limit, the curvature-squared terms were eventually dropped. Lopez (1975) suggests terms like (6.1) which are formally analogous to the Lagrangian of the Maxwell field.
To our knowledge, there exists no formulation of dynamics in a U4 which is simple and established from physically transparent assumptions, which agrees with experiment, and which is also free of the "problems" a through d. Such a dynamics for the U~theory would be accessible to the quantization and renormalization methods developed by 't Hooft and Veltman (1972) , DeWitt (1975) , 't Hooft (1975) , and others. As the true gauge theory for the Poinearb group, the U, theory may pave the way towards a solution of' some unsolved problems in quantum gravity.
C. Hypermomentum 1
In modern continuum mechanics three-dimensional elastic polar continua are studied. '3 These continua allow, in addition to the usual concept of a (force) stress, the concept of "hyperstress"; such a stress characterizes intrinsic double forces with and without moment. Space-time can be interpreted as a four-dimensional elastic continuum. Accordingly, Hehl, Kerlick, and von der Heyde (1976a) proposed that matter, besides being endowed with an energy-momentum tensor Z, .
(analogous to force stress in elastic continua), may also be endowed with a "hypermomentum" tensor &" (anal. - ogous to the hyperstress mentioned above).
The antisymmetric part 7": = &~"~o f this tensor is already familiar as the spin angular momentum of matter. The trace of this tensor~" := &, '~c an be identified with the intrinsic part of the dilation current, which is important in the high-energy "scaling limit" of el.ementary particle physics. The traceless proper hypermomentum Z":=Bi"' -g "&"/4 is something new.
The space-time description appropriate to a matter field bearing both momentum and hypermomentum is the linearly connected manifold with metric (I"g) whose connection is given by Ecl. (2.8) (Hehl, Kerlick, and von der Heyde, 1976b (Hehl, Kerlick, and von der Heyde, 1976c ).
D. Further speculations
The geometrical framework of U4 theory couM be also extended in another direction. If space-time turned out to be locally anisotropic, we would have to consider for its description a Einslex geometry with the line element ds=f(x, dx), homogeneous of first degree in dx. In 3See, for example, Eringen (1962) , Jaunzemis (1967) , Kro'ner (1964 ), Truesdell and Noll (1965 , and Truesdell and Toupin (1960) . See also Maugin and Eringen (1972) .
2 See, for example, Agnese and Calvini (1975), Bregman (1973) , Charap and Tait (1974) , Freund (1974) , Kasuya (1975) , Lord (1972) , Omote (1971) , Utiyama (1973) Jacob, 1974) . In certain dual model theories, Yoneya (1974) , Scherk and Schwarz (1974a) , and others have tried to obtain in a suitable limit massl. ess spin-two quanta interpreted as gravitons. They found Einsteinian structures and later al.so additional. torsion-like contributions (Scherk and Schwarz, 1974b) Start with a manifold (I "g) with contravariant metric tensor density p":=eg" and curvature scalar density . g:= g "A, , The variation of 9( is given by 5g =~% =R, , 5g" + 0" 5A, , The variation of the connection 5I' in (A5) can be expressed in terms of 5g and 5S (or 5K) via Eq. (2.11).
Using the indentity (2.14), we finally have
(1/'e)58?/5g, , = -G,, + v~(T "" -T' '+ T~'"),
(1/'e ) 5%/5S;. "' ' = -2 (T~" -T ' . ". , + T '.~') .
From Eq. (A7) we can derive the equivalent relation (I/e )5%/5K, ,
'. " = -2 T "' ".
(A6) (A 7) (A 8) 
